1. Introduction {#s0005}
===============

Maintenance of bone mass and quality across a lifetime is a direct function of bone remodeling. Three types of cells are essential for this process and their role is coordinated in a highly sequenced manner. Osteoclasts remove old bone, osteoblasts form new bone, and osteocytes orchestrate this process through production of cytokines including receptor activator of nuclear factor kappa-B ligand (RANKL), sclerostin and dickkopf-related protein 1 (DKK1), which balance bone resorption and formation directly at the remodeling site. Animal studies have shed light on a close relationship between bone and energy metabolism, demonstrating that bone remodeling is closely linked to the osteoblastic response to insulin. Insulin induces osteoblastogenesis and RANKL production leading to high bone mass that is associated with increased bone turnover ([@bb0040], [@bb0035]). In contrast, in models of insulin resistance, induced by either high-fat diet feeding or genetic manipulation, bone turnover is decreased ([@bb0160], [@bb0095]).

Numerous epidemiologic studies have shown that skeletal fragility in individuals with Type 2 diabetes (T2D) is increased at least 2-fold despite normal or high bone mineral density (BMD) and greater body mass index (BMI), the factors which are considered protective for most fractures in non-diabetic adults. The lack of the association between higher BMD and lower incidence of fractures indicates that in T2D bone biomechanical properties are compromised. Indeed, diabetic bone, particularly in the appendicular skeleton, has a number of structural characteristics which predispose to fractures, including greater cortical porosity, smaller cortical area, decreased bone material strength, and high bone marrow adiposity ([@bb0085]).

Histomorphometric studies in humans indicate that bone turnover in older T2D patients is compromised, which may result in higher BMD but decreased bone quality ([@bb0065]). Furthermore, patients with T2D have decreased circulating levels of bone turnover markers, higher levels of sclerostin, a negative regulator of bone formation, and lower numbers of circulating osteoprogenitors. Moreover, highly reactive glucose metabolites (AGEs) are increased in T2D. These may impact bone 'quality' by slowing bone turnover and increasing bone stiffness and fragility through aberrant cross-links between collagen fibers ([@bb0085]).

Skeletal homeostasis is linked to insulin sensitivity through the nuclear receptor PPARγ. PPARγ regulates lineage commitment of mesenchymal cells toward osteoblasts and adipocytes, and recruitment of osteoclasts from a pool of hematopoietic cells. Activation of PPARγ with the full agonist rosiglitazone suppresses osteoblastogenesis and induces adipocyte differentiation. This results in decreased bone formation and accumulation of adipocytes in the marrow cavity ([@bb0080]). PPARγ activation also supports osteoclast differentiation through direct and indirect mechanisms. In monocytes, rosiglitazone stimulates osteoclast differentiation through a PPARγ coactivator 1-beta (PGC-1β)-dependent mechanism, while in mesenchymal cells it increases support for osteoclastogenesis by stimulating RANKL production ([@bb0155], [@bb0080]).

Thiazolidinediones (TZDs), full agonists of PPARγ, have consistently afforded robust efficacy for treatment of T2D. However, safety concerns including bone loss and increased fracture rates, particularly in postmenopausal women ([@bb0055]), have restricted their use in T2D. Previously we demonstrated that the insulin sensitization provided by full and partial PPARγ agonists correlates with the ability of these drugs to block phosphorylation of PPARγ at serine 273 (pS273) ([@bb0025]), and that PPARγ anti-osteoblastic and insulin-sensitizing activity can be separated using selective modulators which block pS273 but have no activity toward phosphorylated serine 112 (pS112) ([@bb0060]). Recently, we reported that the PPARγ inverse agonist SR2595 promoted osteoblastogenesis when tested in cultured human mesenchymal stem cells (MSCs) ([@bb0100]). Synthetic optimization led to the identification of 2-phenoxy propanoic acids that exhibited superior pharmacokinetic properties over compounds in the biphenyl-2-carboxylic acid series (*e.g.*, SR1664 and SR2595).

Here, we demonstrate that optimized 2-phenoxy propanoic acid modulator SR10171, with inverse agonist activity (repression of target gene expression) for PPARγ and modest agonist activity (activation of target gene expression) for PPARα, increases bone mass by increasing bone formation and bone turnover; two processes affected in diabetic bone. We show that SR10171 targets osteoblast, osteocytes, and osteoclasts through mechanisms overlapping those regulating whole body energy metabolism. We demonstrate that the same posttranscriptional modifications (PTMs) which determine adipocytic (pS112) and insulin sensitizing (pS112) activities also determine PPARγ osteoblastic and osteoclastic activities, respectively. The elucidation of such overlap is a prerequisite for development of efficient anti-diabetic therapy that will simultaneously treat diabetic bone disease.

2. Material and methods {#s0010}
=======================

2.1. Animal experiments {#s0015}
-----------------------

C57BL/6 mice, 12 week old males, were purchased from the Jackson Laboratories (Bar Harbor, ME). The animal treatment and care protocols conformed to the NIH Guidelines and were performed under the University of Toledo Health Science Campus Institutional Animal Care and Utilization Committee protocol.

### 2.1.1. Lean mice experiment {#s0020}

Animals were fed for 8 weeks either non-supplemented regular diet (RD) providing 12 kcal% from fat (2016 Teklad Global, Harlan Laboratories, Indianapolis, IN)., or RD supplemented with either rosiglitazone or SR10171 at the dose of 15 mg/kg/d of each drug (*n* = 5 per group). This dose of rosiglitazone and duration of treatment was previously established as decreasing bone mass by 20%. The matching dose of SR10171 was calculated based on the following reasoning. SR10171 binding affinity to PPARγ is 10-fold lower and S273 phosphorylation blocking activity is 50% lower than rosiglitazone ([Table 1](#t0005){ref-type="table"}). This together with 2.5-fold higher than rosiglitazone retention levels in plasma of animals treated for 4 days ([Table 2](#t0010){ref-type="table"}) resulted in the decision to treat animals with the same dose of each drug. Food intake was monitored during the entire experiment to calculate an ingested dose of SR10171 (12.7 mg/kg/d) and rosiglitazone (11.7 mg/kg/d).

### 2.1.2. DIO mice experiment {#s0025}

Animals were fed *ad libitum* for 11 weeks high fat diet (HFD) providing 45 kcal% from fat (D12451; Research Diets, New Brunswick, NJ) to develop diet induced obesity (DIO). DIO mice were randomized according to body weight and were separated into three groups (*n* = 7 per group) and fed for 4 weeks as follows: HFD (control), HFD supplemented with rosiglitazone at the dose 25 mg/kg/d, and HFD supplemented with SR10171 at the dose 25 mg/kg/d. The dose of each drug for this experiment was decided based on our experience that a dose of rosiglitazone between 20 and 25 mg/kg/day administered for 4 weeks to DIO animals results in significant loss of trabecular bone in both, axial and appendicular skeleton ([@bb0060]). Ingested doses of SR10171 (22.1 mg/kg/d) and rosiglitazone (24.2 mg/kg/d) were calculated at the end of treatment based on food intake monitored throughout duration of entire experiment. In parallel, a group of sex- and age-matched control (*n* = 4) was fed RD. Testing of metabolic parameters is described in the Supplemental data.

2.2. Bone analysis using microCT and histomorphometry {#s0030}
-----------------------------------------------------

Details of methods to measure bone and marrow fat using mCT and static and dynamic histomorphometry are described in the Supplemental data.

2.3. Cell culture experiments {#s0035}
-----------------------------

MLO-A5 cells represent an osteocytic cell line (gift from Dr. Bonewald, University of Missouri, Kansas City, MO), AD2 and U33 cells represent spontaneously immortalized marrow pre-adipocytes and pre-osteoblasts, respectively, whereas U33/γ2 cells represent U33 cells stably transfected with PPARγ2 expression construct, and were previously described ([@bb0090]). RAW264.7 cells represented a murine monocyte/macrophage cell line. Cell cultures, differentiation assays, gene silencing using lentiviral infection with shRNA specific for PPARγ or PPARα, and gene expression analysis using real time PCR are described in detail in the Supplemental data.

2.4. Analysis of S112 and S273 phosphorylation {#s0040}
----------------------------------------------

AD2 cells representing marrow preadipocytes were pre-treated with vehicle, 1 μM rosiglitazone, or 5 μM SR10171 for 1 h followed by treatment with 50 ng/ml TNF-α for 1 h followed by Western blot analysis for pS273 and pS112 of PPARγ ([@bb0025]). Details are in the Supplemental data.

2.5. Extraction of osteoblast- and osteocyte-enriched fractions {#s0045}
---------------------------------------------------------------

Cell fractions enriched in either osteoblasts or osteocytes were isolated by sequential collagenase digestion of fresh femora bone, according to a previously described protocol ([@bb0070]), and immediately lysed for analysis of gene expression.

2.6. Analysis of SR10171 and SR9525 pharmacology {#s0050}
------------------------------------------------

Methods for the LanthaScreen TR-FRET Competitive Binding Assay, hydrogen/deuterium exchange mass spectrometry (HDX-MS), NR box peptide interaction assay, and *in silico* docking are described in detail in the Supplemental data.

2.7. Statistical analysis {#s0055}
-------------------------

Data are presented as the means ± SD and were analyzed by One Way Anova using statistical software package of SigmaPlot (version 13.0). *P* value less than 0.05 was considered statistically significant.

3. Results {#s0060}
==========

3.1. pS112 and pS273 determine PPARγ skeletal activities {#s0065}
--------------------------------------------------------

PPARγ pro-adipogenic and insulin sensitizing activities in cells of mesenchymal lineage correlate respectively with the phosphorylation status of serines S112 and S273 ([@bb0050], [@bb0030]). To test whether these PTMs correlate with PPARγ osteoblastic and osteoclastic activities we transfected cells of either osteoblastic lineage (U33 cells) or osteoclastic lineage (RAW264.7) with mutated PPARγ expression constructs in which phosphorylation at either S112 (S112A mutant) or S273 (S273A mutant) was blocked. As shown in [Fig. 1](#f0005){ref-type="fig"}a, in U33 cells S112A but not S273A mutation decreased extracellular matrix mineralization and expression of runt-related transcription factor 2 (*Runx2*) and osterix (*Osx*), and increased expression of *Dkk1*, an inhibitor of Wnt signaling pathway. Thus, induction of adipocytic differentiation with PPARγ dephosphorylated at S112 simultaneously suppresses osteoblastic phenotype, perhaps as a result of reciprocal relationship between PPARγ and RUNX2 activities ([@bb0045]). In contrast, blocking phosphorylation at S273 increased PPARγ pro-osteoclastic activity in RAW264.7 cells ([Fig. 1](#f0005){ref-type="fig"}b) including increased number of TRAP + multinucleated osteoclasts and expression of *c*-*Fos* and catepsin K (*Ctsk*) markers of maturating osteoclasts ([Fig. 1](#f0005){ref-type="fig"}b). In addition, blocking phosphorylation at S273 increases support for osteoclastogenesis by increasing *Rankl* and decreasing osteoprotegerin (*Opg*) expression in mesenchymal U33 cells ([Fig. 1](#f0005){ref-type="fig"}a). Thus, PPARγ anti-osteoblastic action requires blocking the same PTM as is required for adipogenesis, whereas pro-osteoclastic action requires blocking the PTM as is required for insulin-sensitizing activity.

We then examined whether these activities can be manipulated pharmacologically. SR10171 compound ([Fig. 1](#f0005){ref-type="fig"}c) is an optimized analog of SR1664 ([@bb0030]) which demonstrates high-affinity binding to PPARγ and unlike SR1664, exhibits partial inverse agonism of PPRE-mediated transcriptional activity ([Table 1](#t0005){ref-type="table"}) and demonstrates modest PPARα agonist activity (EC~50~ = 1.5 μM). The structure activity relationship (SAR) of SR10171 is consistent with other examples from this chemical series ([@bb0005], [@bb0100]). Importantly, SR10171 effectively blocks phosphorylation of S273 (pS273), which has been shown to correlate with PPARγ insulin sensitizing activity; however, in contrast to full agonist rosiglitazone, SR10171 inverse agonism actively suppresses PPARγ basal transcriptional activity ([Table 1](#t0005){ref-type="table"}).

As shown in [Fig. 1](#f0005){ref-type="fig"}d and e, both SR10171 and rosiglitazone block phosphorylation of S273, yet only rosiglitazone alters phosphorylation of S112. Next, we investigated whether SR10171 changes marrow MSC allocation toward osteoblast and adipocyte lineage. Consistent with inverse agonist activity, SR10171 decreased basal expression of fatty acid binding protein 4 (*Fabp4*) and adiponectin (*Adipoq*) in marrow MSC culture, while the full agonist rosiglitazone increased their expression substantially ([Fig. 1](#f0005){ref-type="fig"}f). This correlated with the expected changes in transcriptional activity of PPARγ, as measured in a reporter gene assay ([Fig. 1](#f0005){ref-type="fig"}f). A combination of a colony forming units of osteoblasts (CFU-OB) assay and expression levels of osteoblast-specific gene markers in primary bone marrow cultures demonstrated that SR10171 treatment did not alter MSC commitment toward the osteoblast lineage, while rosiglitazone attenuated CFU-OB formation and expression of osteoblast-specific gene markers ([Fig. 1](#f0005){ref-type="fig"}g and h).

Results from an assay for osteoclast differentiation from a pool of non-adherant hematopoietic stem cells (HSCs) confirmed that both SR10171 and rosiglitazone induce pro-osteoclastic activity of PPARγ where treatment with either compound increased the number of multi-nucleated TRAP-positive osteoclast-like cells *ex vivo* and increased expression of *c*-*Fos* and *Ctsk* ([Fig. 1](#f0005){ref-type="fig"}i and j). These observations were consistent with PTM status and suggest that the mechanism by which PPARγ increases osteoclast differentiation from a pool of HSCs is different than PPRE-mediated transcriptional activity regulating adipocyte/osteoblast differentiation from MSCs.

3.2. Pharmacological repression of PPARγ is anabolic for bone {#s0070}
-------------------------------------------------------------

Given that the full agonists rosiglitazone and pioglitazone decrease bone mass and increase marrow adiposity, and inverse agonists ([@bb0100]) suppress adipogenesis and promote osteogenesis *in vitro*, we sought to determine if the above findings can be recapitulated *in vivo* following chronic administration in mice. *S*R10171 was chosen for testing in long-term bone studies due to its excellent pharmacokinetic properties enabling formulation in feed to facilitate chronic daily administration of drug coupled with its unique pharmacological profile compared to SR2595. While both SR2595 and SR10171 (Fig. S1a) are inverse agonists that suppress PPARγ transcriptional activity (Fig. S1b), they display subtle differences in their binding poses (Fig. S1c), distinct conformational dynamics as determined by HDX (Fig. S1d), and differential affinity for peptides containing NR box binding motifs derived from transcriptional coregulators (Fig. S1e). These distinct molecular interactions result in different effects on RUNX2 activity (Fig. S1f) and expression of markers of Wnt and BMP signaling pathways activity (Fig. S1g).

To test the longitudinal effects of SR10171 administration on the skeleton of lean, normoglycemic C57BL/6 mice were treated with compound at a dose of 15 mg/kg/d for 8 weeks. Rosiglitazone treated animals (15 mg/kg/d) served as a control of PPARγ-mediated metabolic and skeletal effects. The dose of each drug used in these studies was based on compilation of SR10171 and rosiglitazone pharmacokinetics, binding affinities, and activities toward blocking of PPARγ pS273. After 8 weeks of treatment, we observed a robust positive effect of SR10171 on bone. Trabecular bone mass in proximal tibia was increased by 26% as compared to non-treated controls mainly due to increased number of trabeculae ([Fig. 2](#f0010){ref-type="fig"}a). As expected, rosiglitazone decreased trabecular bone mass by decreasing trabeculae thickness. Bone formation was markedly increased in the proximal tibia of mice receiving SR10171. Histomorphometric measurements confirmed that an increase in bone mass with SR10171 was due to an increase in mineral apposition rate (MAR) and bone formation rate (BFR), as calculated from the distance between two calcein-labeled osteoid layers ([Fig. 2](#f0010){ref-type="fig"}b), and from an increased number of osteoblasts ([Fig. 2](#f0010){ref-type="fig"}c). As expected, rosiglitazone attenuated MAR and BFR and decreased the number of osteoblasts. Interestingly, both compounds increased the number of osteoclasts ([Fig. 2](#f0010){ref-type="fig"}c). The calculated ratio of osteoblasts to osteoclasts was 2.5 for control, 1.4 for rosiglitazone and 2.8 for SR10171 indicating higher bone formation for SR10171 and higher resorption for rosiglitazone, as compared to control ([Fig. 2](#f0010){ref-type="fig"}c). SR10171, consistent with its inverse agonist activity, decreased the number of marrow adipocytes by 50%, whereas full agonist rosiglitazone increased adipocyte number by 5-fold ([Fig. 2](#f0010){ref-type="fig"}c). Combined, these results indicate that the increased trabecular bone mass in lean animals receiving SR10171 resulted from high bone formation associated with increased bone turnover, whereas bone loss in animals receiving rosiglitazone resulted from suppressed bone formation and increased bone resorption.

Next we tested the efficacy of SR10171 in mice with diet-induced obesity (DIO) and impaired glucose tolerance. Mice were administered either high fat chow, or the same chow supplemented with either SR10171 or rosiglitazone at the dose of 25 mg/kg/d for 4 weeks. The dose was increased as the duration of treatment was decreased; however, similar effects on metabolic parameters as described below were observed with dose as low as 5 mg/kg given once-a-day orally (data not shown). SR10171 normalized glucose tolerance in DIO animals to the same degree as rosiglitazone ([Fig. 2](#f0010){ref-type="fig"}d). SR10171 increased both bone tissue volume and trabecular bone mass, as well as both MAR and BFR ([Fig. 2](#f0010){ref-type="fig"}e and f). For marrow adiposity, the effect of SR10171 resulted in almost 5-fold decrease in fat volume, while fat volume in the tibia of mice treated with rosiglitazone increased almost 100-fold, as compared to no drug control animals ([Fig. 2](#f0010){ref-type="fig"}g). Not surprisingly, rosiglitazone caused significant bone loss across all bone sites and was associated with high volumes of marrow adipose tissue, during regular and high fat diets, whereas SR10171 had a positive effect on the appendicular skeleton but was neutral for the axial skeleton and showed virtually no marrow adiposity at either site (Fig. S2a, Table S1).

Positive effects on cortical bone mass were also observed following SR10171 treatment. Calcein labeling of the periosteal surface of the midshaft tibia in both lean and DIO animals was increased, as compared to control mice ([Fig. 2](#f0010){ref-type="fig"}h and i). Accordingly, in both models the labeled surface of periosteum was larger in bone of animals that received SR10171, and the labeling was more intense. In lean SR10171 treated animals in which periosteal labeling was only 1.5 times larger than in the control ([Fig. 2](#f0010){ref-type="fig"}h), the cortical area was not affected (Fig. S2b). However, in DIO mice the periosteal labeling was 9 times larger in SR10171 treated than in control, which had almost completely attenuated periosteal activity ([Fig. 2](#f0010){ref-type="fig"}i). This increase in activity correlated with increased cortical area (Fig. S2b). SR10171 also increased osteocyte lacunae density in cortical bone of both models providing further evidence of increased bone turnover induced by this compound ([Fig. 2](#f0010){ref-type="fig"}h and i). Analysis of the organization of collagen fibers by second-harmonic generation confocal microscopy showed a highly organized fiber structure in bone adjacent to mineralization zone of the periosteum (Fig. S3) indicating that a newly formed bone is of normal structure. The beneficial effect of SR10171 on bone was also reflected in changes in cortical tissue mineral density (TMD, mg HA/cm^3^) (control: 954.6 ± 17.6; rosiglitazone: 954.5 ± 17.9; SR10171: 978.6 ± 10.4, *P* \< 0.05 *vs.* control and rosiglitazone).

3.3. Treatment of DIO mice with SR10171 normalizes energy metabolism {#s0075}
--------------------------------------------------------------------

Even though SR10171 and rosiglitazone exhibited the same actions on glucose tolerance ([Fig. 2](#f0010){ref-type="fig"}d), these compounds had contrasting effects on body weight, fat content, and energy metabolism. SR10171 decreased body weight in DIO mice maintained on HFD, as compared to controls or rosiglitazone-treated group on the same diet, and had no impact on body weight in lean animals ([Fig. 3](#f0015){ref-type="fig"}a and b). Interestingly, the decrease in body weight in DIO mice was observed as early as one week after initiation of SR10171 treatment, and was stabilized to the level of control animals two weeks post dosing. Food intake was not affected indicating that both administered drugs did not cause taste aversion (Fig. S4a). The observed decrease in the body mass in SR10171 treated DIO mice was accompanied by a decrease in fat content (Fig. S4b), and whole body composition measured as lean/fat ratio was similar to mice fed regular chow (Fig. S4b). Finally, SR10171 treatment resulted in a decrease in the mass of both epididymal white adipose tissue (eWAT) and interscapular brown adipose tissue (iBAT) in obese mice (Fig. S4c).

Changes in body composition in SR10171 treated DIO mice corresponded to increased energy expenditure. Oxygen consumption, carbon dioxide release, calculated respiratory exchange ratio (RER), heat production and locomotion were significantly higher in DIO mice receiving SR10171, as compared to control and rosiglitazone-treated group ([Fig. 3](#f0015){ref-type="fig"}c, Tables S2 and S3). Treatment with SR10171 increased the expression of adiponectin and fatty acid transporter FABP4 in eWAT of DIO mice to that observed in age-matched lean controls ([Fig. 3](#f0015){ref-type="fig"}d), and normalized the expression of regulators of futile metabolism in adipocytes (forkhead box protein C2 (*FoxC2*) and bone morphogenic protein 4 (*Bmp4*)), and beige fat markers (T-box transcription factor 1 (*Tbx1*) and homeobox protein C9 (*HoxC9*))*.* That was accompanied with a modest increase in uncoupling protein 1 (*Ucp1*) expression ([Fig. 3](#f0015){ref-type="fig"}d).

Consistent with no effect on body weight in lean animals ([Fig. 3](#f0015){ref-type="fig"}b), SR10171 had no impact on body composition (not shown) and had no effect on eWAT weight; however, a modest decrease in the weight of iBAT was observed (Fig. S4d). In lean animals, indirect respiratory calorimetry showed no effect of SR10171 on any measured parameter, while rosiglitazone increased respiration and heat production indicating active modulation of metabolism even in non-pathologic conditions ([Fig. 3](#f0015){ref-type="fig"}e, Tables S2 and S3). Consequently, in lean non-diabetic mice, SR10171 afforded only a modest decrease in expression of *Fabp4* and *Ucp1* whereas rosiglitazone increased the expression of *Adipoq*, *Fabp4*, *Bmp4*, *HoxC9*, and *Ucp1* ([Fig. 3](#f0015){ref-type="fig"}f). Thus, the normalizing effect of SR10171 under conditions of impaired energy metabolism (obesity) and the neutral effect in conditions of efficient energy metabolism (lean) suggest that SR10171 modulates metabolism in an "on-demand" manner to which increased insulin sensitivity may contribute.

3.4. PPARγ and PPARα regulate osteocyte activities {#s0080}
--------------------------------------------------

Since SR10171 increased bone formation and osteoblast number in animals ([Fig. 2](#f0010){ref-type="fig"}) but was neutral for osteoblast differentiation in cultured marrow MSCs ([Fig. 1](#f0005){ref-type="fig"}g and h), we analyzed the phenotype of osteoblasts and osteocytes freshly-isolated from femora of treated animals. Isolated cell populations reflect the status of osteoblasts and osteocytes at the time of animal sacrifice as it is analyzed immediately after liberation from either endosteal bone surface (fraction 3, OB) or cortical mineralized matrix (fraction 6, OT). The enrichment of each fraction was assessed by comparing levels of expression of genes known to be more abundantly expressed in either osteoblasts (*Osx* and *Ibsp*) or osteocytes (*Dmp1*, *Sost*, *Rankl*, *Dkk1*, *E11*, and *FGF23*)*.* As shown in Fig. S5, the expression level of cell type specific markers was 3--100 folds different between OB and OT fractions, thus providing reassurance of high enrichment. In the osteoblast fraction isolated from SR10171-treated lean animals, the expression of *Osx* and matrix extracellular phosphoglycoprotein regulating phosphate metabolism (*Mepe*), was increased indicating that osteoblasts were highly activated ([Fig. 4](#f0020){ref-type="fig"}a).

Previously it has been shown that networks of signaling pathways regulate the activity of osteoblasts. The Wnts and BMPs are the predominant ligands for local autocrine/paracrine effects in bone, including control of *Osx* and *Mepe* expression ([@bb0020], [@bb0145]). Indeed, osteoblasts from SR10171-treated animals showed increased expression of Wnt10b ligand and decreased expression of Axin2, a member of β-catenin degradation complex, but no change in expression of BMP ligands ([Fig. 4](#f0020){ref-type="fig"}a). In contrast, osteoblasts from rosiglitazone-treated animals have an opposite pattern of these gene expression consistent with suppressive effect on Wnt and BMP signaling activities and osteoblastogenesis ([@bb0130]). Results from a luciferase reporter gene assay using Top-Flash construct confirmed that SR10171 activated β-catenin transcriptional activity, whereas rosiglitazone decreased it ([Fig. 4](#f0020){ref-type="fig"}b). Paradoxically, SR10171 decreased *Opg* expression which is positively regulated by the canonical Wnt pathway and contributes to the anti-osteoclastic effect of this network ([Fig. 4](#f0020){ref-type="fig"}a). Regardless, as shown in [Fig. 1](#f0005){ref-type="fig"}a, *Opg* expression is directly dependent on pS273, the same PPARγ PTM which regulates osteoclastogenesis and RANKL expression and insulin sensitivity. Recently it was demonstrated that pioglitazone (a TZD) had a negative effect on *Opg* expression ([@bb0010]) supporting the conclusion that PPARγ is dominant over the Wnt pathway with respect to regulation of this network. Although both compounds have pro-osteoclastic effect and both decreased *Opg* expression, it is interesting that only rosiglitazone decreased expression of *Wnt16* ([Fig. 4](#f0020){ref-type="fig"}a). Wnt16 was recently identified as a negative regulator of resorption in cortical bone ([@bb0110]) and a positive regulator of periosteal bone formation ([@bb0165]). Thus, SR10171 and rosiglitazone exhibit differential regulation of *Wnt16* expression which in turn may contribute to their different effects on cortical bone ([Fig. 2](#f0010){ref-type="fig"}h and i; Fig. S2b).

Osteoblasts activity is regulated by the secretory action of osteocytes, including sclerostin, encoded by the *Sost* gene, and DKK1 proteins, which antagonize Wnt pathway activity by binding to LRP5/6 receptors ([@bb0015]). Consistent with higher osteoblasts function with increased bone formation rates, *Sost* and *Dkk1* expression were decreased in osteocytes of animals receiving SR10171 ([Fig. 4](#f0020){ref-type="fig"}c). In contrast, *Sost* expression was unaffected and *Dkk1* was increased in osteocytes derived from animals receiving rosiglitazone. Osteocytes also regulate bone resorption by producing RANKL ([@bb0175]). Both compounds increased expression of *Rankl* in osteocytes ([Fig. 4](#f0020){ref-type="fig"}c). This together with decreased *Opg* expression in endosteal osteoblasts correlated with a greater number of osteoclasts *in vivo* in bone of treated animals ([Fig. 2](#f0010){ref-type="fig"}c). Thus, in contrast to the opposing effects of SR10171 and rosiglitazone on osteoblast and osteocyte function that support bone formation both compounds positively regulate osteoclast differentiation *via* two mechanisms, one consisting of enhanced hematopoietic osteoclastogenic differentiation and the other modifying mesenchymal cell support for osteoclast differentiation.

To address the question whether *Sost*, *Dkk1*, and *Rankl* transcriptions are directly regulated by PPARs in osteocytes, the expression level of each gene was measured in primary osteocytes treated e*x vivo* with SR10171, rosiglitazone, and WY14643 which is a PPARα full agonist. As expected, SR10171 decreased the expression of *Sost* and *Dkk1*, whereas rosiglitazone not only increased expression of *Dkk1*, but also *Sost*, which was not observed *in vivo* ([Fig. 4](#f0020){ref-type="fig"}d). In contrast to the effect on *Rankl* expression *in vivo*, when applied directly on primary osteocytes SR10171 did not increase its expression, while rosiglitazone had a sustained positive effect ([Fig. 4](#f0020){ref-type="fig"}d). Treatment with WY14643 decreased expression of *Sost*, but did not have an effect on expression of *Dkk1* and *Rankl* ([Fig. 4](#f0020){ref-type="fig"}d). To analyze which actions of SR10171 in osteocytes are mediated through PPARγ or PPARα, we knocked-down (KD) the expression of each receptor separately in MLO-A5 cells using lentiviral delivery of PPAR-specific shRNA. Decrease in PPARα protein levels by 65% ([Fig. 4](#f0020){ref-type="fig"}e) resulted in a 5-fold increase in basal *Sost* expression ([Fig. 4](#f0020){ref-type="fig"}f), while a 50% decrease in PPARγ protein levels had no effect suggesting that *Sost* is under negative control of PPARα. In contrast, PPARγ KD, but not PPARα, abrogated *Dkk1* expression ([Fig. 4](#f0020){ref-type="fig"}f) suggesting that *Dkk1* is under positive control of PPARγ. In conclusion, SR10171 regulates osteocyte activities *via* combined effects on PPARγ and PPARα.

4. Discussion {#s0085}
=============

Currently there are no drugs that prevent insulin resistance resulting from diet-induced obesity while simultaneously being anabolic for bone despite the need for such agents to combat the ongoing epidemic of T2D and its deleterious effect on the skeleton. Approved agents that are used to help control obesity and insulin sensitization are either neutral on bone or more troublesome and have negative effects on the skeleton. Drugs that enhance sympathetic outflow and thereby reduce obesity by increasing energy expenditure cause bone loss by uncoupling formation from resorption ([@bb0105]). The TZDs which are robust insulin sensitizers, cause bone loss in mice and result in increased risk for fractures in humans ([@bb0055]). SGLT2 inhibitors effectively control plasma glucose levels, but negatively affect bone by altering calcium and phosphate homeostasis ([@bb0150]). Underlying the negative side effects of these therapies is the increased bone fragility typical in T2D patients that is associated with decreased bone mechanical properties caused by impaired bone turnover ([@bb0085]). Drugs which restore coupled bone remodeling and that simultaneously restore insulin sensitivity would be ideal.

Here we present compelling evidence that polypharmacological modulation of both PPARγ (repression) and PPARα (mild activation) with SR10171, a prototype chemical probe which fulfills the "one drug, multiple targets" concept, is anabolic for bone independent of its insulin sensitizing activity as supported by the following observations. First, we demonstrated that the same PTMs that determine adipocytic and insulin sensitizing properties, also define PPARγ osteoblastic and osteoclastic activities. We showed that a reduction in pS273 correlated with pro-osteoclastic and a reduction in pS112 correlated with anti-osteoblastic activity. Importantly, we demonstrated that the same PTM at S273 regulates both osteoclast differentiation from a pool of hematopoietic cells, and mesenchymal cell support by regulating RANKL and OPG expression. Since SR10171 reduced pS273, it simultaneously enhanced insulin sensitivity while increasing osteoclastogenesis. In contrast to rosiglitazone, SR10171 did not reduce pS112, blocked adipogenesis and increased β-catenin and RUNX2 transcriptional activity when acting directly on cells of the mesenchymal lineage. Therefore, SR10171 can be categorized as an agonist for insulin sensitizing and bone resorbing activities, and an inverse agonist for adipocytic and bone forming activities. The phenotype of mice treated with SR10171 was one of insulin sensitization and increased bone turnover. Although bone resorption was increased with SR10171, there was no break on osteoblastogenesis, hence coupling was restored within the bone remodeling unit as formation was maintained in spite of higher turnover.

Second, we demonstrated that two members of the PPAR subfamily regulate osteocytic activity that in turn supports bone formation and bone turnover. SR10171 was shown to target PPARγ and/or PPARα in osteocytes, which results in decreased expression of two inhibitors of Wnt signaling, DKK1 and sclerostin, while increasing RANKL. This would result in increased bone turnover with the balance shifted toward bone formation. Indeed, high expression of *Osterix* and *Mepe* in endosteal osteoblasts, and the lack of an SR10171 effect on these transcript levels *in vitro*, suggest an overall increase in osteocyte activity. Considering that the expression of all three factors, sclerostin, DKK1, and RANKL in osteocytes, the most abundant cells in bone, highly exceeds their expression in osteoblasts (Fig. S4), suggests that osteocytes are the principal cell target for the anabolic effect of SR10171 on bone.

A potential mechanism underlying the skeletal effects of SR10171 could be modulation of the Wnt/β-catenin signaling pathway. Wnt signaling is crucial to all bone cell types and constitutes a complex communication network between different components and modes of signaling (*e.g.* canonical *vs*. non-canonical) which operate in the context of specific cell types (osteoblast, osteocyte and osteoclast) and bone marrow milieu ([@bb0015])*.* It has previously been established that rosiglitazone inhibits Wnt canonical pro-osteoblastic and anti-osteoclastic activities in bone, including degradation of β-catenin and suppression of multiple members of this signaling pathway ([@bb0130], [@bb0125]). Here we showed that SR10171 uncouples Wnt pro-osteoblastic (β-catenin activity; *Osx* and *Mepe* expression) from anti-osteoclastic activities (*Opg* expression) and correlated these activities to the distinctive effects on pS112 and pS273 of PPARγ.

Third, we observed a positive effect of SR10171 on cortical bone mass, an important skeletal compartment as it represents 80% of skeletal mass and is affected by high cortical porosity in T2D ([@bb0115]), and most fractures in T2D patients occur in the cortical compartment. Increased cortical thickness in DIO mice treated with SR10171 was associated with extensive activation of the periosteal surface, which was relatively inactive in DIO and lean animals. As such, the magnitude of periosteal activation induced by SR10171 (9-fold in DIO *vs*. 1.5-fold in lean) may explain the positive effect on cortical thickness in the context of obesity. Although it is unclear at this point whether these effects result from direct activation of PPARs in periosteal osteoblasts, or were mediated through signaling derived from osteocytes, this observation has clinical relevance since the periosteum actively facilitates fracture healing. Since T2D patients have impaired fracture healing in general, understanding periosteal function in response to treatment with PPAR modulators is essential. Similarly, the role of PPARα in the maintenance of bone mass is not well understood. It has been shown that PPARα deficiency increased the size of the bone marrow cavity, but did not have an effect on cortical thickness ([@bb0170]). Interestingly, two reports demonstrated that PPARα activation in rodents with fibrates prevented bone loss induced by either estrogen deficiency or TZD treatment, and induced periosteal activity ([@bb0135], [@bb0140]). Here, we clearly demonstrate that PPARα is a negative regulator of sclerostin expression. Recently, anti-sclerostin antibodies have been described as potential anti-osteoporotic therapies, thus targeting of PPARα directly in osteocytes may offer alternative pharmacological possibilities to regulate sclerostin levels.

Interestingly, SR10171 had an anabolic effect on the appendicular but not the axial skeleton, whereas rosiglitazone had a negative effect in both skeletal sites. There are several possible explanations for this divergence. Firstly, osteocytes were shown to be a major anabolic target of SR10171. These cells are more abundant in cortical bone of appendicular skeleton as compared to cortical bone in axial skeleton ([@bb0120]), and they are present at higher density in cortical *versus* trabecular bone ([@bb0075]). Thus, appendicular skeleton, which mostly consists of compact bone, may provide for a dominant target of SR10171 action. Secondly, major differences were observed in marrow adipose volume between the vertebrae and the long bones when comparing rosiglitazone and SR10171 treated mice (Table S1). Increased marrow adipose volume has been associated with bone loss in several model systems including rosiglitazone treated mice. With the exception of rosiglitazone treated mice, it is difficult to detect adipocytes in the vertebrae at the age of the mice used here. As such, the adipogenic cell population in the vertebra may not constitute a sufficient target pool of cells for SR10171 inverse agonist activity to show an effect. Therefore suppression of the adipocytic activity in the vertebra may not be able to increase the pool of potential osteoblasts recruited for bone formation. Thirdly, discordance between axial and appendicular bone mass is common with DXA measurements in humans. Moreover, the skeletal response to osteoporosis treatment varies by site, suggesting that determinants of axial bone mass may differ from those of the appendicular skeleton.

In conclusion, SR10171 represents a polypharmacological PPAR modulator that is insulin sensitizing and normalizes impaired adipocyte metabolic function. Unlike the TZDs, SR10171 does not affect metabolism during normal adipose function. Most striking, SR10171 has a positive effect on bone formation and bone turnover, processes that are attenuated in diabetes, and that are associated with decreased bone quality and increased fractures. Determining that SR10171 directly regulates osteocyte function opens an approach for the development of anti-osteoporotic therapies targeting both PPARγ (repressive) and PPARα (activation) in osteocytes, while at the same time improving insulin sensitivity. Finally, PTMs of PPARγ may provide a unifying explanation for the paradox of low bone formation, high bone resorption and greater fracture risk in T2D.
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![Effect of pS112 and pS273 of PPARγ on adipocyte, osteoblast and osteoclast differentiation.\
(a) The effect of S112A and S273A mutations on osteoblast differentiation. U-33 cells were transfected with either WT or mutated PPARγ expression constructs and grown in pro-osteoblastic conditions followed by measurement of extracellular calcium or RNA isolation. (b) Effect of PPARγ S112A and S273A mutations on osteoclast differentiation. RAW264.7 was transfected with either WT or mutated PPARγ expression constructs followed by culture in medium supplemented with 50 ng/ml M-CSF and 50 ng/ml RANKL for 4 days, then either stained for TRAP expression (left panel) or RNA was isolated for analysis of gene expression (right panel). (c) Chemical structure of SR10171 ((S)-2-(3-((5-((1-(4-(tert-butyl)phenyl)ethyl)carbamoyl)-2,3-dimethyl-1H-indol-1-yl)methyl)phenoxy)-2-methylpropanoic acid) and rosiglitazone ((*RS*)-5-\[4-(2-\[methyl(pyridin-2-yl)amino\]ethoxy)benzyl\]thiazolidine-2,4-dione). (d) The effect of SR10171 and rosiglitazone on blocking of S273 phosphorylation in AD2 cells. (e) The effect of ligands on blocking of S112 phosphorylation in AD2 cells. Protein levels quantification was performed using Image J software and displayed as graphs below Western blot renderings. (f)--(j) cell treatment consisted of 10 μM SR10171 (71), or 1 μM rosiglitazone (R), or DMSO as vehicle control (V). (f) Left and middle panels --- the effect on adipocyte-specific gene marker expression in marrow MSCs treated for 6 days, as above. Right panel --- the effect on transcriptional activity of PPARγ measured in U33/γ2 cells transfected with PPRE promoter construct and treated for 24 h. (g) Osteoblast differentiation as measured in CFU-OB assay. (h) Expression of osteoblast-specific gene markers in marrow MSCs. (i) The effect on osteoclast differentiation. Non-adherant bone marrow cells were cultured as described in experimental procedures. TRAP + multinucleated cells (\> 4 nuclei) were enumerated and average calculated from triplicates. (j) Expression of osteoclasts gene markers in cultures described in (i). Data represent the mean ± SD (*n* = 3--6 experiments). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 One Way Anova.](gr1){#f0005}

![Effect of SR10171 and rosiglitazone on trabecular and cortical bone of lean and DIO C57BL/6 mice.\
(a)--(c) Analysis of trabecular bone in proximal tibia of lean mice. (a) mCT renderings (upper panels) and measurements of trabecular parameters. Bar --- 0.1 mm. (b) Dynamic histomorphometry of bone double-labeled with calcein. Microphotographs of entire proximal tibia labeled with calcein (upper panels) (magnification 5 ×; bar --- 0.2 mm) and bone surface labeled with calcein (lower left panels) (magnification 40 ×; bar --- 0.02 mm). Quantification of mineral apposition rate (MAR) and bone formation rate (BFR) (lower right panels). (c) Number of osteoblasts per bone perimeter (N.Ob/B.Pm), osteoclasts per bone perimeter (N.Oc/B.Pm), osteoblasts to osteoclasts ratio (N.Ob/N.Oc), and number of adipocytes (N.Ad) per region of interest (ROI). (d) Glucose tolerance in DIO mice at the end of experiment. (e)--(f) Analysis of trabecular bone in tibia of DIO mice. (e) mCT measurements of trabecular parameters. (f) MAR and BFR quantified from bone double-labeled with calcein. (g) mCT renderings of fat stained with osmium tetroxide (left panels, fat appears as yellow, bar --- 1.0 mm) and its volumetric quantification (right panel). (h) Cortical bone of lean animals. (i) Cortical bone of DIO animals. Representative microphotographs of calcein-labeled endosteal and periosteal bone surface (upper panels) (magnification 5 ×; bar --- 0.2 mm), histomorphometry of labeled periosteal bone perimeter (MS/BS) and osteocyte lacunae density (lower panels). TV --- tissue volume; BV --- bone volume; BV/TV --- bone mass; Tb.N --- trabecular number; Tb.Th --- trabecular thickness. Data represent the mean ± SD (*n* = 3--7 per group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 One Way Anova.](gr2){#f0010}

![Effect of SR10171 and rosiglitazone on fat and metabolic parameters of DIO and lean C57BL/6 mice.\
(a) Body weight change in animals fed HFD and RD for 8 weeks before initiation of feeding medicated diet for the next 4 weeks. Arrow indicates start of administration of medicated diet. Asterisks indicate significant differences between control RD and HFD + 71. (b) Body weight of lean animals at the end of an 8 week feeding medicated diet. (c) Calorimetric measurements of respiratory parameters in DIO mice at the end of experiment. Linear plots show measurements made every 20 min within 24 h period, whereas bar plots show average of measurements collected during either 12 h light or 12 h dark period. VO2 --- oxygen consumption (ml/h/kg); VCO2 --- carbon dioxide production (ml/h/kg); RER --- respiratory exchange ratio. (d) Gene expression analysis of adipocytic markers in eWAT of DIO mice. (e) Calorimetric measurements of respiratory parameters in lean mice at the end of experiment. (f) Gene expression analysis of adipocytic markers in eWAT of lean mice. Data represent the mean ± SD (*n* = 4--5 per group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 One Way Anova.](gr3){#f0015}

![PPARγ and PPARα activities regulate osteoblast and osteocyte functions.\
(a) Relative mRNA expression of gene markers in isolated osteoblasts from femora endosteal surface. (b) The effect of SR10171 and rosiglitazone on transcriptional activity of TCF/LIF/β-catenin complex measured in U33/γ2 cells transfected with Top-Flash promoter construct and treated for 72 h with tested ligands. (c) Relative mRNA expression of gene markers in isolated osteocytes from femora cortical bone. Expression of *Dmp1*, *E11*, and *Fgf23*, served as a purity control of osteocyte isolates and confirmed equivalent enrichment in all samples analyzed. (d) Relative mRNA expression of *Sost*, *Dkk1*, and *Rankl* in primary osteocytes treated with either 10 μM SR10171, or 1 μM rosiglitazone, or 50 μM WY14643 in *ex vivo* conditions for 3 days. (e) Protein levels after shRNA knocked-down (KD) of either PPARα or PPARγ. KD was introduced in MLO-A5 cells using lentiviral shRNA constructs. Protein levels of either PPARγ or PPARα were assessed by Western blots, quantitated and normalized to the levels of HSP90, a housekeeping protein. (f) The effect of PPARγ (γKD) or PPARα (αKD) silencing on *Sost* and *Dkk1* gene expression. Data represent the mean ± SD (*n* = 3 per group, repeated twice). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 One Way Anova.](gr4){#f0020}

###### 

Characteristics of SR10171 and rosiglitazone.

Table 1

  Compound        IC~50~ (nM)[a](#tf0005){ref-type="table-fn"} PPARγ   EC~50~ (nM) PPARγ GAL-4   EC~50~ (nM) PPARγ PPRE   \% inhibition ^S273^pPPARγ (20 μM)   IC~50~ (μM)[a](#tf0005){ref-type="table-fn"} PPARα   EC~50~ (μM) PPARα GAL-4
  --------------- ---------------------------------------------------- ------------------------- ------------------------ ------------------------------------ ---------------------------------------------------- -------------------------
  Rosiglitazone   18                                                   7.4 (100%)                10                       100                                  No binding                                           No activity
  SR10171         220                                                  7260 (4%)                 Inverse agonist          54                                   1.1                                                  1.5

LanthaScreen; IC~50~ --- half maximal inhibitory concentration; EC~50~ --- half maximal effective concentration.

###### 

Plasma levels of SR10171 and rosiglitazone at the end of experiments.

Table 2

  ---------------------------------------------------------------------------------------
  Treatment                                                        Plasma levels   
  ---------------------------------------------------------------- --------------- ------
  C57BL6 on RD\                                                    4.01            1.67
  4 days treatment: SR10171 -- 5 mg/kg/d; Rosi -- 5 mg/kg/d                        

  DIO model on HFD\                                                14.25           0.10
  4 wks treatment: SR10171 -- 22.1 mg/kg/d; Rosi -- 24.2 mg/kg/d                   

  C57BL/6 on RD\                                                   15.97           6.28
  8 wks treatment: SR10171 -- 12.7 mg/kg/d; Rosi -- 11.7 mg/kg/d                   
  ---------------------------------------------------------------------------------------
